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Abstract
The influence of a subsequent ns laser-firing process on aluminium rear-side point contacts of laser-crystallized silicon thin-film 
solar cells was investigated by means of conductive probe atomic force microscopy. A significant increase in conductivity was 
observed in the laser-fired contact area. The spatial uniformity of this enhanced conductivity as well as changes in the aspect ratio 
of the induced pit allowed us to derive a suitable parameter window for firing a 100 nm thin aluminium layer typically used in 
such thin film Si solar cells devices.
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1. Introduction
Rear-side point contacting is a promising route for wafer as well as thin-film silicon solar cells to enhance solar 
cell efficiency by eliminating shading losses and by reducing the poorly passivated metal-absorber contact interface. 
First examples for the successful application of this technique in photovoltaics are the PERC [1] and PERL [2] solar 
cell concepts already investigated in 1989 and 1994, respectively. In earlier 2000s it was proposed to fabricate point 
contacts with a local laser-firing to produce a laser-fired contact (LFC) instead of using photolithography. This way,
a p+ region between the p-type silicon absorber and the aluminum layer could be realized instantly. This so called
back-surface field (BSF) region reduces recombination by improving the charge separation in the contact region and 
consequently the solar cell efficiency [3,4]. The LFC technique was successfully applied on silicon homo-and 
heterojunction solar cell [3,5].
Novel solar cell fabrication techniques as the thin-film polycrystalline silicon solar cells produced by liquid phase 
crystallization feature a similar rear side point contacting scheme [6,7]. Recently, an initial solar cell record 
efficiency of 11.7 % has been shown [8]. These solar cells, however, suffered from an efficiency degradation which 
was shown to be related to the aluminum-silicon absorber contact. It was also reported that a subsequent laser firing 
of these contacts was able to improve the series resistance and helped to stabilize the cell efficiency [9]. In this study 




The results presented in this study were obtained on a simplified model system, which contains the same type of 
laser-fired contacts as the ones tested on laser-crystallized polycrystalline thin-film solar cells in Reference [9]. It 
consists of a e-beam deposited and laser-crystallized thin-film silicon film on glass with a thickness of about 10μm
and boron doping concentration of 5x1016 cm-3. On top, a 100 nm layer of aluminum is deposited by e-beam. This 
structure is subjected to the laser-firing process with a 532 nm Nd:VO4 (neodymium-doped vanadate solid-state)
laser from Rofin with a pulse length of 16 ns and frequency of 20 kHz. Each LFC is created by 60 laser shots. The 
laser energy fluence was varied between 1.2 and 2.47 J/cm2. Additionally, a shift of the laser focal plane of 3 mm in 
respect to the sample surface was applied to test the effect of widening the Gaussian beam profile.
Finally, one half of the samples was etched with KOH in order to remove the aluminum layer. Prior to each 
measurement HF-Dip was performed (1%, 30 sec) in order to remove the surface oxide.
2.2. Conductive AFM setup
In this study, Conductive atomic-force microscopy (c-AFM) [10] was utilized to study the electrical properties of 
the laser-fired contacts. Two-dimensional current maps were obtained at constant tip-to-sample bias simultaneously 
with topography micrographs of the laser-fired contact. The atomic force microscope applied for the measurements 
is an NT-MDT NTEGRA setup that was operated with a conductive probe in contact mode scanning across the 
investigated surface in ambient air condition. For the conductive mode, a tip with highly nitrogen doped diamond 
coating (DCP20 from NT-MDT) is utilized. The typical curvature radius of such a tip is about 100 nm and the cone 
angle less than 22°. Further, the tip height is given between 10 – 15 μm. The bias voltage is applied on the 
unaffected aluminum-covered part of the samples. For these measurements it was +100 mV. The resulting current is 
measured using an integrated highly sensitive amplifier as a current-to-voltage converter. The amplifier is placed 
close to the AFM tip in order to avoid noises. The current signal is measured completely independent from the 
topography which is simultaneously recorded via the cantilever deflection.
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3. Results and Discussion
3.1. Aluminum ablation
The LFC area at the aluminum-silicon interface was first investigated by measuring of the topography of on
unetched laser-fired contact. Interestingly, topographic changes at the majority of contacts were observed indicating 
a local lifting of the aluminum layer close to the outer rim of the LFC. In some cases, even a local ablation of the 
aluminum layer was observed as shown in Fig. 1. The extracted profiles in Fig. 1b yield a depth of ~ 100 nm of the 
trench, which is the thickness of the aluminum layer, therefore implying that the aluminum layer is completely 
removed in this region. Such an effect can lead to a severely decreased electrical contact between the laser-fired 
region and the surrounding metallization and would thus counteract the benefit of enhancing the conductivity at the 
center of the fired spot.
3.2. Topographic modification depending on laser energy fluence
For further investigations of how the laser energy fluence affects the topography, samples with different laser 
firing parameters were analyzed. The energy fluence of the laser beam was varied from 1.2 to 2.47 J/cm2. In 
addition, laser defocusing was applied to increase illuminated area. Subsequently, aluminum was partly etched in 
order to perform additional c-AFM measurements. The diameter, depth, and aspect ratio of the LFCs, derived from 
the topography micrographs, are presented in Fig.2a. As can be seen, the LFC diameter shows a slight saturation 
Fig. 1, (a) topography of a laser-fired contact as obtained by atomic force microscopy with indication of the five line scans shown in (b).
Fig. 2, (a) Topography features of laser-fired spots depending on energy fluence and defocus. The aspect ratio is the LFC depth divided by its 
            diameter. (b) Extract line scan of the sample fired in focus.
(a) (b)
(b)(a)
 O. Gref et al. /  Energy Procedia  60 ( 2014 )  76 – 80 79
with increasing laser energy fluence, while the depth rises linearly with the energy fluence. Defocusing the laser 
beam by 3 mm results in similar conductivity homogeneity and spot size, which indicates that the firing process is 
quite robust. 
The asymmetric shape of the LFC pits shown in Fig. 2b is probably caused by a non-ideal Gaussian beam profile.
Further, it was observed that the height of the bulge at the LFC rim increases at higher laser fluences as the pits 
become deeper.
3.3. Change in conductivity
Fig. 3 shows that a systematic increase of the conductivity of the laser-fired area occurs as the diameter of the 
fired spot increases. An increase in conductivity as compared to the untreated silicon background can be observed at 
the laser-fired region, even at laser fluences as low as 1.2 J/cm2. The conductive area increases with higher laser 
energy fluence until 2.47 J/cm2 where the area inside the spot seems to become less conductive.
It has to be mentioned that the highly conductive (red) circular area around the LFCs is at least partly due to an 
artifact. The steep topography change at the LFC rim and the conical shape of the scanning tip can lead to an 
increased sample-tip contact area. Thus, the macroscopic contact resistance is reduced and a higher current is 
measured without changes in the conductivity. From these results we can conclude that for firing a 100 nm thin
aluminum layer on polycrystalline silicon thin films a laser fluence in the range of 1.5 to 2 J/cm2 is suitable for 
creating highly conductive point contacts.
4. Summary
A study on the microscopic effect of a laser-firing process for a 100 nm thin aluminum layer on polycrystalline 
silicon was presented. Atomic force microscopy micrographs of the laser fired contacts revealed that severe 
topographic changes are induced by the laser-firing process that can hinder the formation of high-quality point 
contacts. Spatial resolved conductivity measurements showed that the aluminum laser firing causes a significant 
increase in conductivity for a wide range of laser fluences. Our results allow to conclude that for achieving highly 
conductive contact points on the polycrystalline silicon film without inducing too severe topographical changes a 
laser fluence of 1.5 to 2 J/cm2 is required. This optimum process window is a crucial step on the way to achieving 
rear-side contacted polycrystalline silicon thin-film solar cell with a conversion efficiency above 12%.
Fig. 3, Maps of the local current at a bias of +100 mV for (a) focused laser beam and for (b) 3 mm defocused laser beam.
(a)
(b)
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